We present a detailed study of intrinsic ferroelectric hysteresis loops in a heterostructure of interface between two different ferroelectrics of the second-order transition by the Landau-Ginzburg theory. Our study indicates that the ferroelectric hysteresis behavior in an interfacial-coupled structure might be governed by the interplay of various parameters such as the interfacial coupling, the interaction between neighboring polarizations within the constituents and the dielectric softness of the constituents. Inhomogeneity of polarization at the interface induced by the interaction between the constituents across the interface assists the polarization reversal by reducing the coercive field of the heterostructures, implying an interface-aided polarization reversal. A significant reduction in the coercive field of the interface structure is expected to be possible if certain conditions based on the above-mentioned parameters are achieved.
Introduction
Specific structures are formed at the interfaces in layered ferroelectrics due to the mismatch in order parameters between the layers. Examples of layered ferroelectric structures abound, from simple heterostructures of films grown on substrate to the more complicated multilayers. While the physical parameters affecting the various interesting properties of layered ferroelectrics can be the layer thickness, the layering order and the number of periods, the presence of symmetry-breaking elements such as surfaces/ interfaces might be the underlying factors that provide the fundamental mechanism of the new behaviors that are so different than the intrinsic nature of the constituents. To investigate these aspects, it is important to know the features of the interface structure itself.
We have recently proposed and discussed a heterostructure with interfacial coupling between two different ferroelectrics. 1, 2) The model was developed based on the LandauGinzburg theory without taking into account the consequences of an electric field. In those studies, the structures are predicted to be governed by the interfacial coupling properties of the two constituents. For an interface structure comprising of one constituent in the paraelectric phase and the other in the ferroelectric state, an interface-ordered state 1, 2) is identified theoretically near the interface of the paraelectric constituent.
However, the current understanding of the relationship between the interface structure and the resulting properties remains rudimentary. In many applications, interfaces play a crucial role. Since the interface structure determines the associated physical properties of the surrounding materials, knowledge of how they are related is not only of fundamental interest, but also of practical importance. In the present work, we focus our attention on the ferroelectric hysteresis behavior in a heterostructure of interface between two different second-order ferroelectrics. The method in which the theory is developed is described in §2. In §3, a detailed discussion of the polarization reversal in an interface structure formed from two different ferroelectrics is given. A summary is given in §4.
Model
Consider a heterostructure of interface between two different ferroelectrics of second order transitions, with a bilinear coupling across the interface of the two constituents. By assuming that all spatial variation takes place along the x-direction, the free energy of an interface structure can be obtained by taking the total free energy relative to the energy of bulk as following:
whereff j f j À f 0 jðAE1Þ is the free energy density measured relative to the bulk density measured (i.e., at x ! AE1) for the constituents j under the presence of an electric field e. f I (I: interaction) is the interaction energy across the interface between the two constituents.
The Landau-Ginzburg free energy density f j of the constituent j under the presence of an applied electric field e is
where p j represents the polarization for the constituent j with the contributions from the electric field energy ep j . As usual, j is a temperature-dependent coefficient with the transition temperature j ¼ jc ¼ 0 (c: critical), whereas j is a temperature-independent parameter for the constituent j. The gradient coefficient j determining the energy cost due to the inhomogeneity of polarization. In a one-dimensional problem, where the spatial variation takes place along the xdirection, the gradient coefficient j also describes the strength of the interaction between neighboring polarizations within the constituent j.
ferroelectrics, the interaction between the two semi-infinite constituents can be considered by the introduction of an interfacial coupling energy term into the free energy, as described in eq. (1). The interaction energy f I (I: interaction) between the two constituents j across the interface is 1,2)
where the polarizations at the interface x ¼ 0 of the constituents 1 and 2 are denoted by p 10 and p 20 , respectively. The interfacial-polarizations are coupled across the interface, and its strength is described by an interfacial coupling parameter . The polarization profiles of the constituent j can be obtained by solving the Euler-Lagrange equations derived from eq. (1) with eqs. (2) and (3) put into it. By the first integral of the Euler-Langrage equations, we obtain j 2 dp
with c jðAE1Þ implies the energy density of the bulk at x ! AE1 for the constituent j. The energy of the bulk c jðAE1Þ can be obtained based on the boundary conditions below
and p j ¼ p jðAE1Þ and dp
where p 1ðþ1Þ and p 2ðÀ1Þ are the electric-field-dependent bulk polarizations of the constituent 1 (at x ¼ þ1) and 2 (at x ¼ À1), respectively. Using eq. (1) together with eq. (3), the energy of the interface structure can be expressed as
p 10 dp 1 dx dp 1 þ 2 Z p 20 p 2ðÀ1Þ dp 2 dx dp 2
The spatial profiles of polarization in equilibrium condition for the constituents 1 and 2 can be found by minimizing F with p 10 and p 20 as À 1 dp 1 dx
and 2 dp 2 dx
respectively. Equations (8) and (9) can be expressed in terms of the material parameters for the constituent j by utilizing eqs. (4), (5) and (6) 
with the critical polarization p jc corresponding to the onset of polarization reversal is p 2 jc ¼ À j =3 j . For a strong interaction between the two semi-infinite constituents, i.e., ! 1, we have p 10 ¼ p 20 ¼ p and the equilibrium condition satisfies 1 dp 1 dx
In the case of an intermediate value of (0 < < 1), we have p < p 10 < p 1ðþ1Þ and p 2ðÀ1Þ < p 20 < p. It is interesting to note from eqs. (10) to (13) that for an interface structure without the interaction at the interface ¼ 0, the critical field [see eq. (12)] corresponds to the onset of polarization reversal is governed only by the physical parameters j and j of the constituent j. The interfacial coupling (i.e., 6 ¼ 0), however, may complicate the phenomena of the polarization reversal. The spatial variation of the polarization extends into the bulk with p jðAE1Þ over a distance governed by a quantity called the correlation length K À1 j , which is an important quantity, playing the role as a measure of the thickness of domain wall. For second-order ferroelectrics (without the presence of an electric field e ¼ 0), the correlation length K À1 j is governed by the dielectric softness j and the gradient coefficient j as ffiffiffiffiffiffiffiffiffiffiffi j = j p and ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi À j =2 j p for the constituent j in the paraelectric and ferroelectric phase, respectively. 1) For j j j ) 0, we find K À1 j ! 0 corresponds to a constituent j with a homogenous polarization p jðAE1Þ . K À1 j diverges as the critical temperature jc of a second-order transition is approached ( jc ! 0).
Dielectric softening under changing temperature is well known in ferroelectrics, and it is represented by j in eq. (2) . A heterostructure of the interface between two different ferroelectrics, i.e., with different j can be denoted as a soft/ hard interfacial-coupled structures.
1,2) Since minor contribu-tions from the vicinity of the interface to the overall dielectric susceptibility can be ignored when the constituents are both semi-infinite (in the actual calculation, a finite and same size is adopted), it can be approximated as
irrespective of the interfacial coupling and the near neighbor interaction j within each constituent. In eq. (14), j is the low-field dielectric susceptibility of the constituent j. In this case, the dielectric response of the interfacialcoupled structure can be estimated by taking the slope of the hysteresis loops of the structure that is proportional to eq. (14) . Under a weak electric field, the dielectric susceptibility j of the constituent j is mainly contributed from the bulk 5) (or the semi-infinite) part, i.e., j ¼ dp j =de or
For the constituent j in the ferroelectric phase with p
and in the paraelectric phase with p
Hysteresis Loops
In this section, the interplay of the interaction within each constituent, the interfacial coupling, and the dielectric softness of the two constituents in the hysteresis behavior of second-order ferroelectric heterostructures is elucidated systematically. Two heterostructures of interface are studied: (a) the heterostructure of ferroelectric-paraelectric interface, and (b) the heterostructure of ferroelectric-ferroelectric interface. The former corresponds to one semi-infinite constituent in the paraelectric phase contacts with another semi-infinite constituent in the ferroelectric phase, whereas both the constituents in the ferroelectric order phase for the latter case. In this study, the semi-infinite constituent in the ferroelectric phase is set for constituent 1 (at x < 0), and the constituent 2 at x > 0 is set for a semi-infinite constituent in the ferroelectric or the paraelectric state.
All the detailed numerical calculations were performed based upon a discrete model derived from the free energy (1) of the continuum model. In the present work, the discrete model was modified using the one-dimensional lattice model for polarization reversal as proposed by Ishibashi. 3) The strength of the near-neighbor interaction j between polarizations in the constituents is set to 1 ¼ 20 and 2 ¼ 1 < 1 , respectively. Since we consider the semi-infinite constituents, this numerical choice does not qualitatively affect the overall natures of the system (the transition region in the constituent 1 extends to ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi À 1 =2 1 p % 3:2 layers, while that in the constituent 2 depends upon 2 ). The effect of the interfacial coupling on the coercive field of the heterostructures with different dielectric softness 2 is examined. A detailed description of the polarization reversal mechanism of the structures is then given based on the hysteresis loops.
In the present study, by assuming that both constituents are semi-infinite, the effect of size/thickness is not taken into account to avoid the complication of a large extrinsic effect. 6) This is important as the current work involves the interplay of various as-mentioned parameters in the hysteresis behavior of an interfacial-coupled structure.
3.1 Heterostructures of ferroelectric-paraelectric interface We first examine how an applied electric field affects a heterostructure of interface between two different constituents with one constituent in ferroelectric order state and the other in paraelectric phase. The question here is how the coercive field in the constituent 1, i.e., e 1c ¼ 0:386 as given by eq. (12) ficient 2 . Generally, the coercive fields decrease with increasing the strength of the interfacial coupling (or with decreasing value of the reciprocal interfacial coupling parameter À1 ). It is interesting that the decrease of the switching field is pronounced at region of À1 < 1, corresponding to a strong interfacial coupling.
Let us discuss the coercive field in a weak interfacial coupling regime of 1 < À1 < 1 [ Fig. 1(a) ]. With decreasing value of 2 (with increasing the dielectric softness), the dielectric nonlinearity is enhanced, so the interfacial-induced polarization in the constituent 2 is larger. Thus, the polarization induced at the interface of the constituent 2 assists the polarization reversal in the constituents 1, leading to the reduction of the minimum electric field required to switch the polarization as a whole. This is the reason why the coercive field of the interfacial-coupled structure with smaller value of 2 is generally lower. The dependence of the coercive field on the interfacial coupling at the strong coupling regime À1 < 1 is more interesting, but more complicated. At the interaction region of 0:05 < À1 < 1 without the applied electric field, the induced-polarization near the interface of the constituent 2 is stronger and the polarization profile is more ''bent'', showing a domain walllike feature. For the reciprocal interfacial coupling parameter value of À1 0:05, the polarization profiles of both constituents must be reasonably ''bent'', because p 10 % p 20 is postulated by strong interfacial coupling. 1, 2) Thus, a rapid reduction of the coercive field is predicted at the strong coupling regime À1 < 1. For the particular case of the constituent 2 with a larger value of 2 (e.g., 2 ¼ 50), the constituent 2 is very hard and the interfacial coupling does not have any influence to induce the polarization. Therefore, the polarization of the constituent 2 remains zero, i.e., p 20 % 0. However, at À1 0:05, indicating the hardening of the ferroelectric constituent 1 at the interface via the interfacial coupling is pronounced so that p 10 ¼ p 20 % 0 (even without the electric field). This is analogous to the formation of a ''domain walllike structure'' (strictly a partial domain structure without the oppositely polarized part) in the constituent 1 (since p 2 ¼ 0 throughout the constituent 2 with 2 ) 0), which is triggered by the interfacial coupling. The formation of domain wall-like structures in the ferroelectric constituent leads to a rapid propagation of the ''domain wall'' under an applied electric field. Hence, we see that a heterostructure with a hard or dielectrically rigid constituent 2, e.g., 2 ¼ 50 [dotted line of Fig. 1(a) ] required a smaller coercive field at a strong coupling region À1 1 than those of a smaller value of 2 [i.e., 2 ¼ 1 or 0.01 in Fig. 1(a) ].
The two possible interface-aided polarization reversal mechanisms related to the inhomogeneity of polarization in the heterostructures of ferroelectric-paraelectric interface: (i) the interface-induced polarization at the interface of a paraelectric constituent, or (ii) the formation of ''domain wall-like structure'' at the interface of a ferroelectric constituent is further evidenced by looking at the dependence of the coercive field on the dielectric softness of the constituent 2 2 , as depicted in Fig. 1(b) . Under a very weak interfacial coupling À1 ¼ 50 [dash-dotted in Fig. 1(b) ], the coercive field of the structure is unaffected by the neighboring constituent, regardless of the dielectric softness of the constituent 2 2 . No interface-ordered state 1, 2) is induced to assist the polarization reversal (near the constituent 2). In this case, the switching field of the constituent 2 e 2c represents the coercive field for the polarization reversal of the bulk constituent 2, as described by eq. (12) . The coercive field of the heterostructures with an intermediate strength of the interfacial coupling, i.e., À1 ¼ 2 (dotted) and 0.5 (dashed), increases with the increasing value of 2 and reaches a constant value already at 2 % 2. Note that here the trend of the coercive field for the structure with À1 ¼ 2 (dotted) and 0.5 (dashed) are similar, suggesting that the polarization reversal mechanism is of fundamentally similar origins. The polarization reversals are assisted by the interfacial polarization induced through the interfacial coupling. The coercive field of the structure with À1 ¼ 0:5 [dashed line of Fig. 1(b) ] is basically smaller than that of the structure with À1 ¼ 2 [dotted line of Fig. 1(b) ]. For the case of a strongly-coupled structure [the solid line in Fig. 1(b) ], the coercive field shows quite an interesting feature with a dissimilar dielectric softness 2 dependence. By comparing with those of the previous cases (such as À1 ¼ 50, 2 or 0.5.), the coercive field is smaller, since the interfacial coupling is stronger, and decreases with increasing 2 , approaching a constant value. The dependence of the coercive field on 2 can be understood qualitatively as follows. A larger value of 2 means a dielectrically very rigid constituent j, and thus no polarization is induced at the interface. Though the polarization reversal at the nonlinear region of 2 % 2c ¼ 0 is aided by the interfacial-induced polarization, the induced-polarization is expected to decrease with increasing value of 2 . Thus, the interfaceinduced polarization as the predominant mechanism to assist the polarization reversal by decreasing the coercive field of a strongly-coupled structure À1 ¼ 0:05 with a dielectricallyrigid neighboring constituent 2 (e.g., a high value of 2 ) can be ruled out. While the phase transition appears in the soft constituent 1 of the structure, the hard constituent 2 here plays a role to set off the development of ''domain structure'' in the adjoining constituent 1 with increasing value of 2 , i.e., by hardening the constituent 1, particularly near the interface via the interfacial coupling (in the absence of an external field). At a certain value of 2 (in the present case, 2 % 9), it is expected that the hardening near the constituent 1 reaches a kind of saturation, i.e., a reminiscent of a ''complete'' formation of the partial domain structure near interface (here p 20 % 0, thus p 20 ¼ p 10 % 0 for a structure with a large 2 ). Note that the coercive field e c is not reduced to zero or e c % 0, due to the existence of a strong interfacial coupling with the dielectrically hard constituent 2 with p 20 % 0.
In Fig. 2(a) , we show the dependence of the average polarization and interfacial polarizations of the heterostructure with À1 ¼ 2 on the electric field, for three different dielectric softness 2 of the constituent 2, i.e., for 2 ¼ 50 (dotted), 1 (dashed) and 0.01 (solid). We first look at the hysteresis loop behaviors of the mean polarization p. For the heterostructures with 2 ¼ 50 (dotted) and 1 (dashed), the p-e hysteresis loops are square. The coercive field is decreased with increasing 2 , in agreement with the result shown in Fig. 1(b) (dotted) . For the case with 2 ¼ 0:01 (solid), the hysteresis loop pattern is quite deformed. This is due to the nonlinear behavior in the constituent 2 near e ¼ 0. Note that the slope in the hysteresis loops dp=de at e ¼ 0 corresponds to the dielectric response of the heterostructure, being proportional to 1=2j 1 j þ 1= 2 , as can be seen in eq. (14) .
Some clues concerned with the reduction of the coercive field with 2 can be found from the dependences of the interface-polarizations p 10 and p 20 on the electric field shown in Fig. 2(a) . The dependence of the interface-polarization of the constituent 1 p 10 on the electric field e is similar to a typical hysteresis loop for ferroelectrics with a square shape. Even with increasing the dielectric softness of the constituent 2 (or decreasing 2 value), the magnitude of p 10 at e ¼ 0 is almost unaltered and the minimum field to reverse the interface polarization p 10 from a negative to a positive polarization state (or vice versa) decreases due to the interaction between polarizations at the interface. More interesting information can be obtained from the plot of p 20 versus e curves in Fig. 2(a) , where the magnitude of p 20 for 2 ¼ 50 [dotted line of Fig. 2(a) ] is zero at e ¼ 0 and is enhanced with decreasing 2 value. The results show that the polarization induced near the interface in the constituent 2 by the interfacial coupling (which is fixed at À1 ¼ 2 in this case) is enhanced with decreasing 2 . Under the presence of the electric field, we find that the interface polarization p 20 of a dielectrically hard constituent 2 2 ¼ 50 is almost independent of the electric field, namely p 20 % 0 as expected. The shape of the p 20 -e loops for the structure with 2 ¼ 1 (dashed) is different from that for the structure with 2 ¼ 0:01 (solid).
In general, it is seen that, for a fixed value of , with decreasing value of 2 (with increasing dielectric softness) of the constituent 2, p 20 at e ¼ 0 becomes closer to p 10 and the sign of p 20 changes at smaller values of e. Effects of the interaction between polarizations at the interface on the hysteresis loop behaviors are plotted in Fig. 2(b) . In the p-e hysteresis loop curves, the coercive field is reduced with increasing the strength of the interfacial coupling. The magnitude of the remanent polarization (the polarization at e ¼ 0) is the same, as a matter of course. Here the slope of the p-e hysteresis loop are the same, since it is governed by 1 and 2 , but not by [see eqs. (14)- (17)]. The origin of the reduction of the coercive field with increasing strength of the interfacial coupling in the present case (with 2 ¼ 1) can be investigated by looking at the electric field dependence of the interface polarization. With increasing strength of the interfacial coupling, the magnitude of interface polarization at e ¼ 0 of the constituent 1 p 10 is reduced, whereas an increase is found in p 20 . Comparison to the case of a heterostructure with À1 ¼ 2, the reduction of the magnitude of p 10 and coercive field at a strong coupling À1 ¼ 0:05 is larger because the interaction within the constituent 2 2 is weaker than that of the constituent 1 1 . This implies that the interface-induced polarization in the constituent 2 is larger for the structure with À1 ¼ 0:05. The existence of the interface-ordered state in the constituent 2 (which becomes stronger with increasing interfacial coupling strength) is obvious in the plot p 20 -e [ Fig. 2(b) ], in which the p 20 -e loop of a strongly interfacial-coupled structure À1 ¼ 0:05 (solid) is very square and almost similar to the loop of p 10 -e. It is needless to mention that the p 10 -e hysteresis loop is almost the same as the p 20 -e loop The parameters adopted for the calculations are the same as for Fig. 1(a) . In the curves, the values for 2 are: 50 (dotted), 1 (dashed), 0.01 (solid). (b) p, p 10 and p 20 -e hysteresis loops of a heterostructure of ferroelectric-paraelectric interface for 2 ¼ 1. The parameters adopted for the calculations are the same as for Fig. 1(b) . In the curves, the values for À1 are: 50 (dotted), 2 (dashed) and 0.05 (solid).
because p 10 % p 20 at a strong interfacial coupling. 1, 2) In this case, an abrupt changes of the interface polarization for the constituent 2 p 20 is found, and both the interface polarizations p 10 and p 20 change the sign under a similar strength of electric field (e 1c ¼ e 2c % 0:306 in the present case).
Heterostructures of ferroelectric-ferroelectric inter-
face When an interface structure is formed by two different ferroelectrics, where 1 and 2 are both negative, spontaneous polarizations appear in both constituents, but the coercive fields are not the same. Obviously, the coercive field for each constituent is given by eq. (12), if there is no interaction across the interface. The question here is the effect of the interfacial coupling on the polarization reversal of the heterostructure as a whole. More specifically, since there exists no mechanism to reduce the lower coercive field, the question is how the higher coercive field varies with the change of the interface coupling . Figure 3(a) shows the minimum switching field as a function of the reciprocal interfacial coupling parameter À1 for a heterostructures of ferroelectric-ferroelectric interface. When À1 2 < 0, the coercive field of the constituent 2 is lower than about 0.386, which is the coercive field of the constituent 1. An additional coercive field branch-a lower coercive field (hereafter, we denote as e 2c ) is found to exist in the curve compared to the heterostructure of ferroelectricparaelectric interface [ Fig. 1(a) ]. The low-field branch corresponds to the minimum field for the polarization reversal of the constituent 2, which is set without a loss of generality to possess a lower coercive field. Since the polarization reversal occurs firstly in the constituent 2, the coercive field of the upper branch e 1c (e 1c > e 2c ) decreases, whereas the lower-field branch remains unchanged with increasing the interfacial coupling strength. The decrease of the upper coercive field e 1c at a strong interfacial coupling of À1 % 0 for the heterostructures with 2 ¼ À0:5 (dashed) or À0:01 (solid) is almost similar, which is e c % 0:306 and 0.310, respectively. As the reversed constituent 2 assists the polarization reversal of the constituent 1, the result is not surprising.
More interesting dependence of the coercive fields on the interfacial coupling can be observed in the structure coupled with a dielectric value of 2 ¼ À0:9 (dotted). In this case, the dielectric softness of the constituent 2 is almost the same as the neighboring constituent 1 of 1 ¼ À1. The two coercive fields merge e 1c ¼ e 2c ¼ e c at À1 % 1:6 and maintain a constant value similar to the lower field branch with increasing the strength of the interfacial coupling. The merging of these coercive fields implies that the interface structure exhibit no distinct behavior (though being comprised of two different constituents j with e jc ), but, rather a behavior resembles a ''composite'' structure with only one switching field e c .
From Fig. 3(b) , it is seen that (i) the lower coercive field corresponds to the coercive field due to the softer constituent, i.e., to the constituent 2 when j 2 j < j 1 j, while to the constituent 1 when j 1 j < j 2 j, and (ii) there are some ranges governed by the softness of the constituent 2, with the softness of the constituent 1 being fixed ( 1 ¼ À1), where there is only one coercive field, that is, the heterostructure behaves like a composite. The range of this composite-like behavior widens with increasing interfacialcoupling strength. This is quite natural.
The mechanism of the interfacial-aided polarization reversal of the heterostructures of ferroelectric-ferroelectric interface is further examined in Fig. 4(a) , where the p, p 10 and p 20 as a function of the electric field e are calculated for the heterostructure with À1 ¼ 2 for three different values of j 2 j. We shall first attempt to examine the p-e hysteresis loops for a structure with 2 ¼ À0:5 (dashed). The p-e loop shows an interesting double hysteresis loops, having three stable polarization states separated by two abrupt steps. Going from low to high positive electric field [see the hysteresis loop shown by dashed line in Fig. 4(a) ], S 1 corresponds to a negative polarization state with the polarizations of both constituents in parallel alignment, and S 2 indicates an antiparallel configuration. At e % 0:22, the polarizations in two constituents cancel out, leading to no net polarization p ¼ 0. A parallel alignment of polarization for both constituents in the positive polarization states, along the applied electric field direction is denoted by S 3 . The p-e loop of the structure with 2 ¼ À0:9 (dotted) shows qualitatively similar behavior, though the S 2 state is much narrower, because the minimum field required for switching the polarization of the constituent 1 and 2 quite similar. The p-e loop of the structure 2 ¼ À0:01 (solid) is of some interest. It shows a very high slope at e ¼ 0, reflecting a high nonlinearity in dielectric susceptibility.
The electric field dependence of the interface polarizations (i.e., p 10 or p 20 ) also exhibits step(s), particularly obvious for the case with 2 ¼ À0:5 (dashed). By looking at the p 20 -e loop with 2 ¼ À0:5 (dashed), the first abrupt step e % 0:136 corresponds to the polarization reversal of the interfacial polarization p 20 from a negative to positive polarization state. The reversal of the polarization p 20 leads to a slight suppression of the magnitude of the interfacepolarization p 10 , which remains in a negative polarization state, owing to the coupling at the interface. The reduction of the magnitude of p 10 is manifested as a small step in the p 10 -e loop at e % 0:136. The second step at e % 0:35 in the p 20 -e loop with 2 ¼ À0:5 (dashed) is related to an enhancement the magnitude of p 20 , as a result from the polarization reversal of the constituent 1. The dependence of p 20 on the electric field for the structure with 2 ¼ À0:01 (solid) shows the feature almost similar to the heterostructures of ferroelectric-paraelectric interface with 2 ¼ À0:01 [see Fig. 2(a) ]. The result is anticipated because the constituent 2 exhibits a strong nonlinear behavior at 2 ¼ À0:01 % 2c , as shown in eqs. (18) and (19) . For the structure with 2 ¼ À0:9 (dotted), it is found that p 10 % p 20 at e ¼ 0 because of the strong interfacial coupling. Consequently, the p 20 -e loop is square and the size is almost similar to the p 10 -e loop. Figure 4 (b) illustrates the dependence of the p, p 10 and p 20 on the electric field e of a heterostructure of ferroelectric-ferroelectric interface for 2 ¼ À0:5 with three different values of the reciprocal interfacial coupling parameter À1 : 50 (dotted), 2 (dashed) and 0.05 (solid). The p-e hysteresis loops show an obvious double loop behavior with a two-step polarization reversal process. Three polarization configurations (i.e., S 1 , S 2 and S 3 ) are indicated in the p-e hysteresis loops. The first step occurs at e % 0:136 ¼ e 2c , which is the coercive field for the constituent 2. As the polarization reversal occurs first in the constituent 2 with a smaller coercive field, the minimum field (i.e., the coercive field corresponds to the polarization reversal from the S 1 to S 2 state) for the polarization reversal of the corresponding constituent is constant for all the three different strengths of interfacial coupling. Upon further increasing the electric field above e % 0:136 ¼ e 2c , the reversed constituent 2 now assists the polarization reversal of the neighboring constituent 1 via the interfacial coupling. Thus, the stronger the interaction between polarizations at the interface, the more pronounced the reduction on the minimum field for the polarization reversal of the constituent 1.
Conclusion
Though the polarization reversal in ferroelectrics is a topic of increasing interest due to the applications in ferroelectric The parameters adopted for the calculations are the same as for Fig. 3(a) . In the curves, the values for 2 are: À0:9 (dotted), À0:5 (dashed) and À0:01 (solid). (b) p, p 10 and p 20 -e hysteresis loops of a heterostructure of ferroelectric-ferroelectric interface for 2 ¼ À0:5. The parameters adopted for the calculations are the same as for Fig. 3(b) . In the curves, the values for À1 are: 50 (dotted), 2 (dashed) and 0.05 (solid).
memory devices, 7) the polarization reversal mechanism remains to be a classic unanswered problem for many decades. In the present paper, within the framework of the Landau-Ginzburg phenomenological theory, we have examined the hysteresis behavior of two kinds of the heterostructures of interfaces between the two semi-infinite constituents: (i) the ferroelectric-paraelectric interface, and (ii) the ferroelectric-ferroelectric interface.
We show that the existence of interfacial coupling could lead to a new polarization reversal mechanism. Inhomogeneity of polarization near the interface of the structure turns out to assist the polarization reversal by reducing the coercive field of the heterostructures, which may be well called an interfacial-aided polarization reversal. Even a ''minute'' inhomogeneity of polarization near the interface (i.e., a heterostructure with a large polarization gap 1, 2) in which the polarization changes discontinuously across the interface) results in a reduction in the coercive field of the heterostructure. The reduction of the coercive field of the heterostructures is governed by the interplay of the interfacial coupling, the interaction between polarizations within the constituents and the dielectric softness of the constituents.
For a heterostructure of ferroelectric-paraelectric interface, the interfacial-aided polarization reversal may arise from two different origins: the formation of (i) interfacialinduced polarizations or interfacial-ordered states 1, 2) in the paraelectric constituent, or (ii) domain wall-like structures at the interface of the ferroelectric constituent. In the former, the interface-induced polarization is attributed to the interfacial coupling between the two constituents and plays an important role to assist the polarization reversal by reducing the switching field. Generally, the interface ordered 1, 2) state is enhanced with increasing the strength of the interfacial coupling. For the particular condition of a heterostructures with the paraelectric constituent 2 located near the critical temperature region 2 ¼ 2c % 0, the dielectric nonlinearity is strong, and the polarization induced by the interfacial coupling can be very large. While the KNbO 3 /KTaO 3 and BaTiO 3 /SrTiO 3 superlattices are comprised from a ferroelectric and a paraelectric constituents, an antiparallel orientation of polarization is observed experimentally in those superlattices. 8, 9) Antiparallel alignment of polarizations states is also envisaged in heterostructures of ferroelectric-paraelectric interface, though two semi-infinite constituents are involved in the present study.
A large value of 2 indicates that the constituent is dielectrically rigid to an external electric field and might be analogous to a substrate or non-ferroelectric passive [10] [11] [12] or dead layer formed between electrode and film. The nonferroelectric passive layer is reported 10) to responsible for the formation of domain structure in thin ferroelectric films and gives rise to a marked decrease in the coercive field.
11) A similar phenomenon is observed in the present study. In this study, the coercive field reduction due to the formation of domain wall-like structure in a heterostructures of ferroelectric-paraelectric interface occurs only at a structure that coupled strongly with a dielectrically rigid constituent, i.e., a paraelectric constituent with the dielectric softness 2 ) 0.
Interaction between the two neighboring constituents in the ferroelectric phase leads to the inhomogeneity of polarization near the interface of the heterostructures of ferroelectric-ferroelectric interface. The reversed constituent with a lower coercive field plays a crucial role in assisting the polarization reversal as a whole. A double hysteresis loop, having three stable polarization states separated by two abrupt steps, is clearly observed in the p-e hysteresis loop for the heterostructures of ferroelectric-ferroelectric interface. A composite-like or a hybrid-like structure with only one switching field (i.e., the constituents cease to behave independently of each other, though the switching fields of the constituents are different) is found for an interfacialcoupled structure, if a particular condition based on the interaction within the constituents, the interfacial coupling and the dielectric softness of the constituents are met.
The coexistence of ferroelectric and paraelectric phases as observed experimentally in the thick 13) (SrTiO 3 ) and thin films 14, 15) (Au/Ba 0:5 Sr 0:5 TiO 3 /SrRuO 3 /MgO) further implies the possible ''risk'' of overlooking the physical phenomena that involve a complicated interfacial physics, if only considering the ferroelectric constituent/layer alone instead of considering an interfacial-coupled structure with a ferroelectric and paraelectric constituents/layers as a whole system. This is because the interfacial coupling has been identified as one of the possible reasons that give rise to the enhancement of the dielectric constant of the PbZrO 3 / PbTiO 3 superlattices 16) and the Pb(Zr,Ti)O 3 multilayered films.
17) The unexpected ferroelectricity found in the SrTiO 3 layers of BaTiO 3 /SrTiO 3 superlattices at room temperature with symmetry lower than tetragonal 9) could be associated with an interface-induced 1, 2) ferroelectricity resulting from the interfacial coupling. The importance of the interfacial coupling can be further evidenced from the theoretical 18) and experimental 8) studies on the KNbO 3 /KTaO 3 superlattices because of the low lattice mismatch between the two materials.
While the Tilley-Zeks 19, 20) model of thin films has been extended to describe ferroelectric superlattices 21) by incorporating the effect of the interfacial coupling, three parameters are required to describe the interaction at the interface and an extrapolation length is needed to illustrate the inhomogeneity of polarization for each layer. In the present model, only an interfacial coupling parameter is introduced to describe the interaction at the interface between the two neighboring constituents. The existence of the coupling at the interface naturally gives rise to the spatial variation of the polarization near the interface. Although the present work gives a detailed illustration of the hysteresis behavior of an interface structure without considering other macroscopic geometrical parameters such as size/thickness, the results we have obtained may have important implication for the physics of ferroelectrics and thus warrant further studies.
